In the past thirty years the full turnover-based storage policy as described by Hausman et al. (1976, Management Science 22(6)) has been widely claimed to outperform the commonly used ABC class-based storage policy, in terms of the resulting average storage and retrieval machine travel time. In practice however, ABC storage is the dominant policy. Hausman et al. (1976) model the turnover-based policy under the unrealistic assumption of shared storage, i.e. the storage space allocated to one product can only accommodate its average inventory level; no specific space is reserved to store the maximum inventory of a product. It appears that many Full turnover-based storage is a dedicated storage policy where the storage space allocated to one product must accommodate its maximum inventory level. This paper adapts the travel time model of Hausman et al. to accommodate full turnover-based dedicated storage. Surprisingly, the result of the adapted travel time model is opposite to that of Hausman et al. (1976) but, in line with practice, it supports that ABC (2-or 3-) class-based storage normally outperforms full turnover-based storage.
Introduction
A storage assignment policy determines where in a warehouse a unit load of a certain product must be stored. The choice of a proper policy is important, as it impacts the amount of space needed to store all loads and the time needed to store and retrieve a load of a certain product. Two main classes of storage policies can be distinguished. In a dedicated (or fixed-location) storage policy each product is assigned to d0-v6-rethink full turnover based storage.pdf 29 sept 2009 a number of storage locations that must accommodate its maximum inventory level (Tompkins et al., 2003, p 433) . In a shared (or random-location) policy multiple products share some common storage locations (but not at the same time) that can accommodate about the average inventory level of these products (Tompkins et al., 2003, p 433) . Hausman et al. (1976) were the first to systematically investigate the impact of different storage policies (random, full-turnover, two-class based and three-class based) on the expected unit load retrieval time (assuming a single-cycle retrieval policy), for a rack of a given size.
Since then hundreds of papers have appeared on this subject dealing with various storage policies, retrieval policies, rack shapes, and retrieval equipment.
The full turnover-based storage policy stores products in warehouses according to the turnovers of individual products. A product with a higher turnover is stored in a storage location closer to the input/output (I/O) point (i.e., depot) of the warehouse. Hausman et al. (1976) calculate the retrieval travel time of this policy as a function of the ABC-demand curve. Using this travel-time model, it has been shown full turnover-based storage is "better" than the widely used two-or three-class-based storage policies. The full turnover-based storage policy has generally been accepted as the policy leading to the shortest retrieval time and has been discussed as such in many articles (e.g., Graves et al., 1977; Linn and Wysk, 1990, page 41; Eynan and Rosenblatt, 1994; Lee and Schaefer, 1997, page 16; Wen et al., 2001; Elsayed, 2005, page 1786; De Koster et al., 2007; Gu et al., 2007) .
The full turnover based storage policy described by Hausman et al. (1976) essentially is a shared storage policy according to their two main assumptions: a) they use full-turnover based storage policy ("the highest-turnover pallet is assigned to the closest location" (p.631), i.e. pallet i should be located exactly between pallets i-1 and i+1, if its turnover speed is between the ones of these pallets; b) The storage space available for storing all products equals the sum of their average inventory levels, Hausman et al. (1976) ), where ( ) Q i is the economic order quantity. This implies on average the storage space of item i equals ( ) / 2 Q i . When the lot of size ( ) Q i arrives, it must be located exactly between products i-1 and i+1 (products are indexed in decreasing order of turnover). However, this is not possible due to lack of space.
Next to this inconsistency, Hausman et al.'s paper has led to other problems:
♦ Their result do not help to explain why class-based storage is preferred in practice over full turnover based storage. This has led to several explanations in literature as why the policy is hardly applied in practice (summarized in Appendix A). These explanations, although valid, overlook a main reason:
its poor performance.
♦ Many authors build on Hausman et al.'s results and indicate their full turnover-based storage policy is a special case of the class-based storage policy with one product per class (Rosenblatt and Eynan, 1989; Eynan and Rosenblatt, 1994; Van den Berg and Zijm, 1999 ♦ The travel time model of Hausman et al. (1976) is used or extended by many other papers (e.g., Thonemann and Brandeau, 1998; Van den Berg and Gademann, 2000; Park et al., 2003; Yu and De Koster, 2009 ) for different systems. However, these authors explicitly or implicitly interpret the full turnover based storage policy of Hausman et al. (1976) is dedicated storage.
♦ The results of Hausman et al. (1976) are cited to show full turnover based storage is better than class based storage. But simultaneously, those citing papers or books directly indicate that the full turnover-based storage policy of Hausman et al. (1976) is dedicated storage (Linn and Wysk, 1990, page 40; Park, 1999 Park, , page 1011 Van den Berg and Zijm, 1999, page 526; Malmborg, 2000, page 4601 ; Gademann, 2000, page 1340; Koh et al., 2002, page 503; Park et al., 2003, pages 343 and 348; Gu et al., 2007, page 8; Roodbergen and Vis, 2009, page 349) .
♦ The full turnover-based storage policy of Hausman et al. (1976) is claimed to be a Cube-per-Order Index (COI) policy (in such a policy products are sorted on decreasing turnover per unit load, see (Heskett, 1963) by some papers (e.g. Lee and Elsayed, 2005; Roodbergen and Vis, 2009 In this paper we adapt Hausman et al.'s (1976) travel time model to include full turnover-based dedicated storage by removing assumption b) indicated in the above.. This leads to the following contributions:
♦ We derive a travel time model for full turnover based dedicated storage (or the COI policy) as a function of the ABC curve. It can be used to compare the full turnover based dedicated storage with class-based storage and random storage because the travel time models of those policies are expressed as a function of the ABC-demand curve (using the expression in Hausman et al. (1976) , page 633).
The current travel time models for the COI policy (Heskett, 1963) can not make this comparison because they are not a function of the same demand curve.
♦ With the adapted travel time model we find that our results differ from those of Hausman et al. (1976) . Our adapted travel time model theoretically confirms that the full turnover-based storage (or COI) policy is normally outperformed by 2-or 3-class-based storage, and can even be worse than random storage if the ABC-demand curve is not skewed.
In the following, we first describe the research problem. In Section 3, the travel time model developed by Hausman et al. (1976) is given. In Section 4, we adapt their travel time model. Finally, in Section 5, a numerical example is given illustrating full-turnover based dedicated storage rarely outperforms classbased storage. Section 6 concludes the paper.
Problem description
Following Hausman et al. (1976) , we consider a basic automated warehousing system: an automated storage/retrieval system (AS/RS) consisting of a storage/retrieval (S/R) machine, a storage rack, and one depot where all products enter and leave the system. The system works as follows: incoming products (finished goods, work-in-process, or raw materials) are assigned to unit loads (e.g., pallets) before arriving at the AS/RS system. When pallets arrive at the depot of the system, the machine can pick the pallets and move simultaneously in horizontal and vertical dimensions to store them at a given storage location in the storage rack. Upon request of a pallet, the machine moves to its location, retrieves it and brings it to the depot.
In accordance with Hausman et al. (1976) , the studied system has the following properties:
1) All storage locations are the same size as the pallets themselves. Each pallet contains only one product.
2) The depot is at the lower-left side of the storage rack.
3) The storage rack is "square" in time; the time for the machine to move from the depot to the most distant bay equals the time from the depot to the highest tier. The rack size is normalized to be 1 and the distances of travel times are distributed between (0,1] in two dimensions.
4) The capacity of the machine is one unit load and it operates in a single-command mode; the machine either stores or retrieves a pallet each time.
5) The pickup/deposit time for the machine to load/unload a pallet at the depot and storage/retrieval location is ignored.
6) The turnover frequency of each product is known and constant through time. The turnover of a product equals the number of times the product is stored or retrieved in a given time period (e.g.
week, month, and year).
7) Product inventories are replenished according to the EOQ model where the demands (in pallets)
of products are deterministic and determined by the ABC curve given in Eq. (1).
8) The products are ranked according to their marginal contribution to the total demand using the ABC curve. The product that has a smaller contribution is ranked/indexed with a larger number.
The ABC curve is a plot of ranked cumulative percentage demand per unit time, ( ) G i , and formulated by:
where i is the product at the i th percentile in the ranked sequence of all product types, and ( ) D i is the demand of product i per unit time. The smaller s is, the skewer the ABC curve is.
Without loss of generality, assuming that the total demand (Hausman et al., 1976) , we have:
The research question is: given the above system properties and the product demands determined by Eq.
(2), what is the expected one-way travel time for the machine to store and retrieve a random pallet by using full turnover-based storage?
Models for full turnover-based storage from Hausman et al (1976)
The expected one-way travel time for a random pallet is determined by the turnover of each pallet and the one-way travel time between every pallet location and the depot.
Turnover of each pallet:
With the classic EOQ model, the economic order quantity (in pallets) of product i is
where K is the ratio of order cost to holding cost and assumed the same for all products. The average inventory (in pallets) of product i is ( ) / 2 Q i . The average inventory level of all products, L, therefore is
Hausman et al. (1976, pp. 634 ) assume the total storage area ( measured in number of pallet locations) required for storing all products, A , equals L, which yields:
Therefore, the relationship between pallet j, j∈(0, A ] and product i can be determined by: 
Substituting Eq. (7) into Eq. (2), the demand rate for the product on pallet j, denoted by ' j D is:
Product i occupies a storage space of ( ) / 2 Q i pallets on average. Therefore, given
Eq. (8), the turnover rate of pallet j as a function of j, ( ) j λ , is determined by:
One-way travel time of pallet j:
As the system is square in time and the machine can simultaneously move in horizontal and vertical dimensions, the travel time of moving the jth pallet to the depot, denoted by ( ) y j , is:
Expected one-way travel time of pallets:
Because j is scaled in (0,1], the expected one-way travel time for storing/retrieving a pallet by Hausman, et al. (1976) , denoted by HSG T , is 
Adapted model for full turnover-based storage
Different from the travel time model in Hausman et al. (1976) , we adapt their travel time model of full turnover-based storage by coupling it with dedicated storage. Each product i is dedicated to a predetermined storage area. The total storage area (measured in number of pallet locations) in the system required for storing all products therefore is not A in Eq. (4), but A :
Therefore, the relationship between pallet j, j∈(0, A ], and product type i changes in:
that is,
In order to compare our results with those of Hausman et al (1976) , we also rescale j by replacing j with j*L in Eq. (14):
where j is correspondingly rescaled to (0, 2L /L]=(0, 2]. Note this differs from j∈(0, 1] in Eq. (7).
Substituting Eq. (15) into Eq. (2), the demand rate for the product on pallet j,
For each product type i, as the storage space (in number of pallets) is ( ) Q i instead of ( ) Q i /2 in Hausman et al (1976) , the turnover rate of the jth pallet, ( ) j λ , therefore becomes:
Because j∈(0, 2], using Eqs. (17) and (10), the expected one-way travel time for full turnover-based storage, denoted by adapt T , becomes:
Comparing Eq. (18) 
Experiments
This section evaluates the performance of the adapted model for full turnover-based storage, and compares it with some popular storage policies: random storage, two-class based storage, three-class based storage, and Eq. (11) for full turnover-based storage given by Hausman et al (1976) . The formulae for class-based and random storage here are from Hausman et al (1976) , and the optimal solutions for class-based storage are determined by the algorithms in Rosenblatt & Eynan (1989) .
The corresponding results are shown in Figure 1 for all storage policies, with different types of ABC curves. Note. (i) x%/y% implies that x% of the products in inventory represent y% of the total demand; (ii) the corresponding values of "s" is determined by Equation (1) 
Conclusion
In this paper we adapt the travel time model of Hausman et al (1976) for full turnover-based storage in order to reflect the practice that full turnover-based storage is coupled with dedicated storage. Using the adapted travel time model, our results confirm that full turnover-based storage is normally worse than the widely used two-or three-class based storage policies in terms of the expected travel times. Our result explains the mismatch between theory and practice; in theory the full-turnover based storage "outperforms" class-based storage, but in practice it is much less popular.
The travel time model of Hausman et al.(1976) for full turnover-based storage provides a lower bound of the expected travel times for all turnover-based storage policies. It is very useful to assess the performance of other storage policies.
More research like this is called for. We here give some examples:
• In our experiments, the travel time models for the two-and three-class based storage polices are also taken from Hausman et al. (1976) . The shared storage space for products in each class is then given based on the average inventory level of each product: ( ) Q i /2. This is a reasonable approximation if the number of classes is few and the number of products is large. However, if the number of classes is large and the number of products per class is rather small, the real average storage space consumption for each product may be significantly larger than its average inventory level: ( ) Q i /2. In this case, a modification of the travel time model of Hausman et al.(1976) for class based storage is needed, which may lead to results quite different from those in literature. For example, a larger number of classes may give a longer expected travel time of a load. However, such a study would be very complex as the gross space consumption of all products depends not only on the number of products and of classes in a given system, but also on replenishment cycles and order quantities of individual products.
• For different types of distribution and warehousing systems, the research about storage policies has been extensively investigated in hundreds of papers (see Gu et al., 2007) , but, to our knowledge, space consumption combined with storage policies has been almost overlooked.
• A larger uncertainty in product demand normally leads to more space consumption of the product in a warehouse. Further research combining service levels of products with uncertain demand with storage policies and storage space consumption would therefore be very valuable.
Appendix A. Other explanations why full turnover-based storage is not popular in practice:
In the literature the following arguments are used to explain why the full turnover-based storage is little applied in the real life world, although it should theoretically be better ♦ In practice the turnover of every pallet to be stored in the system is not known (Hausman et al., 1976, page 635 ). This argument is less convincing nowadays as warehouse management systems (WMS) have been widely used to track the information of every product.
♦ In practice the turnover of every pallet to be stored in the system is not constant over time. The demand frequencies changes constantly. A change in frequency and any addition of a new product to the system may require a large number of load reshuffles to bring them back in line with the full turnover-based rule. To prevent excessive repositioning, class-based storage is preferred in practice. (Hausman et al., 1976, page 635; Tompkins et al., 2003, page 435; De Koster et al., 2007, page 9; Roodbergen and Vis, 2009, page 349) .
♦ In practice there is a tradeoff between travel time and cost of space. Due to the relatively high space consumption of full turnover-based dedicated storage, class-based storage is more popular as it can yield the short travel time benefit of dedicated storage and the space benefits of random storage (Malmborg, 2000, page 4601; Tompkins et al., 2003, page 435; Gu et al., 2007, page 9) . However,
